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Recently, Pani and colleagues (24,25) have studied the effect its effect on the stage of promotion in hepatoof acute fasting followed by refeeding on hepatocarcinogenesis carcinogenesis in rats. During two fasting periods, body and using two different protocols. Their studies indicated that acute liver weight decreased remarkably. Bromodeoxyuridine fasting followed by refeeding induced a positive effect on the (BrdU) labeling indices (LI) decreased, and cell density growth of altered hepatic foci (AHF*) in contrast to chronic increased prominently in liver sections. Hematoxylin and caloric restriction, which caused an inhibition of growth of eosin-stained and nick end labeling (TUNEL)-stained sec-AHF or even their disappearance. In light of previous studies tions showed an increase of apoptotic bodies in the absence in our laboratory on the loss and regrowth of AHF on removal of necrosis during the fasting period. Moreover, gel electroof the promoting agent with subsequent readministration of phoresis of DNA isolated from whole liver revealed ladder the agent (27), we studied the effect of combining acute fasting formation indicative of nucleosomal DNA cleavage. At the and removal of the promoting agent with subsequent refeeding beginning of the fasting period livers exhibited a small but and readministration of the promoting agent on quantitative definite number of altered hepatic foci (AHF) expressing stereologic parameters of AHF as well as the replication and glutathione S-transferase, placental form (GST-P), but at apoptosis of cells within such lesions. the end of the fasting period no AHF were discernible in Materials and methods all livers of animals subjected to the fasting period. After
Animals and treatment

refeeding, cell density and the incidence of apoptotic bodies
Female SpragueϪDawley rats (Harlan SpragueϪDawley Co., Madison, WI) decreased prior to a transient increase of BrdU LI. The were divided into four groups (groups AϪD). Rats were housed, 2 or 3 in percentage volume of liver occupied by AHF of fasted rats each cage, and were given water ad libitum. Rats were subjected to a 70% was significantly greater than that of control rats at 140 partial hepatectomy (PH) at 150 Ϯ 10 g body wt and were administered days after initiation. These results suggest that both the 10 mg/kg body wt diethylnitrosamine (DEN; Eastman Kodak, Rochester, MO) dissolved in tricaprylin (Sigma, St Louis, MO) by stomach tube 24 h after liver weight loss and the complete loss of discernible AHF PH, as initiation.
from short-term fasting was caused by (i) decrease of cell
The dietary groups are summarized in Figure 1 . On the first day all rats volume, (ii) cell loss by apoptosis, and (iii) a decrease were fed a laboratory chow diet (Teklad Crude, containing 24% protein).
of hepatocyte proliferation. Furthermore, this relatively
Group A was fed this diet containing 0.05% phenobarbital (PB) ad libitum transient liver weight loss enhanced the promotion of from day 2 throughout the experimental period. Groups B, C and D were fasted from day 16 to day 28 except for day 21 to day 23, as indicated in hepatocarcinogenesis, possibly by enhanced cell prolifera- Figure 1 . The two days of ad libitum feeding (days 21 and 22) were inserted Introduction periods. On day 28 all animals that were not killed were replaced on the During the past five decades there have been numerous studies chow diet containing 0.05% PB and continued for the times indicated in the figure. Four to six rats were killed at each of the times indicated in on the effect of chronic caloric restriction on the aging process Figure 1 . The effects of short-term fasting on some early parameters of (1) (2) (3) , carcinogenesis (4, 5) , and other physiologic processes hepatocarcinogenesis were analyzed in all groups on days 28 and 42. Prolonged (6) . Relatively few studies of the effect of acute fasting effects were analyzed in groups A and C after 140 days. Bromodeoxyuridine (complete caloric restriction) on many of these parameters, (BrdU, 100 mg/kg body wt; Sigma) was injected i.p. 2 h before death. Body especially carcinogenesis (7, 8) , have been reported. While and liver weights were measured, the livers removed and cut into 2-to 3-mm thick slices. Liver slices were fixed in cold acetone and buffered formalin for chronic caloric restriction and acute fasting share some meta-24 h. Remaining liver tissue was frozen in liquid nitrogen for the purpose of bolic and mechanistic characteristics, the differences are quite the DNA fragmentation assay. Other liver slices were embedded in paraffin significant. Chronic caloric restriction inhibits the aging process by standard procedures. Sections were cut at 4-5 µm and mounted on 2% (9, 10) , decreases the growth and incidence of spontaneous 3-aminopropyltriethoxysilane (Sigma)-coated glass slides and subjected to hematoxylin and eosin (H&E) staining, immunohistochemical staining and/or nick end labeling (NEL) staining. *Abbreviations: AHF, altered hepatic foci; PH, partial hepatectomy; DEN, Immunohistochemical staining diethylnitrosamine; PB, phenobarbital; BrdU, bromodeoxyuridine; H&E, hematoxylin and eosin; NEL, nick end labeling; GST-P, glutathione SDetailed procedures for performing the double staining for the placental form of glutathione S-transferase (GST-P) and BrdU are described elsewhere (28). transferase, placental form; TdT, terminal deoxynucleotidyl transferase. Fig. 1 . Protocol of dietary shifts and carcinogen administration. Female SpragueϪDawley rats were divided into four groups (AϪD). The first day (1-2), all rats were fed a laboratory chow (containing 24% protein). Group A was fed this diet containing 0.05% phenobarbital from day 2 throughout the experimental period. Groups B, C and D were fed the same diet as indicated except on days 16-21 and days 23-28 when fasting. On days 21-23 groups B, C and D were fed the diet indicated, followed by the laboratory chow diet (24% protein) containing 0.05% PB after day 28 until they were killed. Four to six rats were killed at the times indicated. See text for further details. P, 70% partial hepatectomy; D, administration of diethylnitrosamine (10 mg/kg body wt, i.g.); S, sacrifice (100 mg/kg body wt bromodeoxyuridine, i.p., 2 h before sacrifice). (r) 60% protein diet; (f) 6% protein diet; (u) 24% protein diet with 0.05% PB.
The standard procedure employed in these studies is described briefly as follows. Acetone-fixed sections were deparaffinized by xylene and ethanol series. Endogenous peroxidase activities were blocked by 2% hydrogen peroxide and endogenous biotin was inactivated by Avidin. The first antibody, anti-GST-P antibody (1:700 rabbit polyclonal antibody), was applied overnight at 4°C, washed in phosphate-buffered saline (PBS), then reacted with biotinylated goat anti-rabbit IgG (1:200; Sigma). After washing, sections were incubated with streptavidin-β-galactosidase complex (Boehringer, Indianapolis, IN). The visualization of this binding complex was carried out with Xgal. The second monoclonal antibody, anti-BrdU antibody (1:125 mouse monoclonal; DAKO, Carpinteria, CA), was applied for 1 h at room temperature followed by biotinylated anti-mouse IgG (1:200; Sigma) and streptavidinϪperoxidase, with washing in PBS after each incubation. Visualization was revealed by reaction with 3,3Ј-diaminobenzidine (DAB; Sigma) containing 0.04% hydrogen peroxide. The counterstain was hematoxylin. Sections were then washed, dehydrated and mounted.
The numbers of BrdU-positive cells within GST-P-positive focal lesions and surrounding liver tissues (GST-P negative) were determined by examining at least 1000-10 000 hepatocyte nuclei respectively and expressed per 100 
End labeling
After immunohistochemical staining for GST-P on paraffin-fixed sections by the method described above, the sections were end-labeled according to the number of AHF per liver and AHF as percentage of liver were calculated procedure of Gavrieli et al. (29) with minor modification. The sections were according to the modified Saltykov methods (33). digested with proteinase K (20 µg/ml, 15 min, room temperature; Boehringer) Statistical analyses were completed with Stat-View software for the and rinsed with double-distilled water. Slides were then incubated with Macintosh microcomputer, and significant differences were determined by terminal deoxynucleotidyl transferase (TdT) buffer (30 mM Trizma base, pH the MannϪWhitney test. 7.2, 140 mM sodium cacodylate, 1 mM cobalt chloride), followed by the TdT DNA fragmentation assay reaction solution containing TdT buffer, TdT (0.3 U/µl; Gibco, Gaithersburg, MD) and biotin-16-dUTP (0.04 nmol/µl; Boehringer) for 90 min at 37°C. The Genomic DNA was isolated from frozen liver tissues according to the reaction was stopped with 2 ϫ standard saline citrate. Sections were then procedures of Tilly and Hsueh (34) Supernatants were collected, extracted with an equal volume of phenol:chloroAs it was difficult to identify small foci in H&E sections obtained from livers form:isoamyl alcohol (25:24:1) and with an equal volume of chloroin the early phase after initiation, the incidence of apoptotic bodies in AHF form:isoamyl alcohol (24:1) and then precipitated in 100% ethanol (with and in surrounding liver tissues was counted 140 days after initiation. 300 mM sodium acetate and 10 mM MgCl 2 ). Samples were incubated at Ϫ70°C for Ͼ1 h. Precipitates were centrifuged (14 000 g) for 30 min at 4°C Measurement of cell density and dissolved in TE (10 mM TrisϪHCl, 1 mM EDTA). Subsequently, samples On H&E-stained sections, hepatocyte nuclei were calculated microscopically were incubated with 0.5 mg/ml RNase (Boehringer) for 1 h at 37°C, then by using a 10 ϫ 10 mm micrometer. Cell density was expressed as cell extracted, precipitated and incubated again as described above. The DNA was number/mm 2 .
collected by centrifugation (14 000 g) for 30 min at 4°C, washed with 80% Quantitative analysis of AHF ethanol, dried, and resuspended in distilled water. The DNA was subjected to agarose gel (1.5% electrophoresis for 2 h at 50 V in a TAE buffer (40 mM The numbers and volume of AHF were analyzed by using a digitizer system that has been reported previously (32) . By digitizing the tracings of GST-PTrisϪacetate, 1 mM EDTA) consisting of 0.5 µg/ml ethidium bromide (Sigma) and visualized under UV light. positive AHF on GST-P stained liver sections enlarged on the screen, the reached the same levels as those of control rats within 1 week (day 35), although body weights did not. Figure 3 shows the number of GST-P-positive AHF and percentage volume of liver as AHF. Although the number and percentage volume of AHF were significantly increased in control rats by day 28, in groups B, C and D subjected to fasting periods (day 28) AHF had disappeared with only a few cell foci consisting of single to several GST-P-positive cells the same number and percentage of the liver as those of control rats within 2 weeks (day 42). Data for group C were not Results determined at this point but were assumed to exhibit the same changes as in groups B and D since no differences were shown After two periods of 5-day fasting, the body and liver weights of test animals exhibited a significant decline (day 28) in at day 42 (Figure 3) . At 140 days after initiation, although the number of AHF showed no significant difference between comparison with those of control rats, regardless of the protein content of the diet given between the fasting periods ( Figure 2 ). control rats (22 162 Ϯ 6 253) and fasted rats (30 108 Ϯ 14 519.2) (Figure 3a , P Ͼ 0.05), AHF as a percentage of the Subsequently, body weight and liver weight increased rapidly after refeeding (day 29). The livers of fasted rats had nearly volume of the liver showed a significant difference between control rats (1.201 Ϯ 0.3595) and fasted rats (2.446 Ϯ 1.1700) (Figure 3b , P Ͻ 0.05). Proliferative activities were analyzed by BrdU LI. The LI of AHF were 5-to 10-fold higher than those of the surrounding liver tissues (GST-P negative area) at all time points (Figure 4) . The LI of AHF and the surrounding liver tissues decreased markedly during the fasting periods (day 28). The low LI noted in groups B, C and D at this point when no measurable AHF were observed is the result of GST-P-positive single hepatocytes as well as doublets and groups of as many as five or six GST-P-positive cells that are below the size that can be accurately analyzed by the stereologic methods utilized (32) . After only three days of refeeding, there was a dramatic increase in LI in group B between two and three days after refeeding, while the increase in AHF LI only doubled during this same period. Analyses at days 29, 30, 31 and 35 were only carried out with group B since no change in the control group (group A) was seen at days 16, 28 and 42 and the changes in stereologic parameters were the same in AHF of groups BϪD as above. The increase noted in GST-P negative hepatocytes at day 31 was significantly higher than in controls at day 16 indicating an overshoot of DNA synthesis upon refeeding, as had been decreased by Tessitore et al. (25) . By   Fig. 6 . Changes of cell density. Treatment groups were the same as noted in Figure 3 using the same symbols. Each bar indicates mean Ϯ SD.
2 weeks after refeeding, the LI of both the surrounding liver and GST-P-positive lesions (b). Treatment groups were the same as noted in Figure 3 using the same symbols. Each bar indicates mean Ϯ SD.
and the AHF were essentially the same as those prior to fasting. By 140 days a decrease in the LI of both the AHF of groups A and B of all (0.88 Ϯ 0.22%) was significantly surrounding liver (from 0.51 Ϯ 0.405% to 0.21 Ϯ 0.073%, P higher than that in surrounding liver tissue (0.14 Ϯ 0.046%) Ͼ 0.05) and the AHF (from 3.38 Ϯ 0.808% to 1.98 Ϯ 0.214%, in fasted rats (day 140, P Ͻ 0.05). P Ͻ 0.05) to about half of control values was noted.
Incidence of NEL-positive apoptotic bodies per 100 hepato-H&E-stained sections of liver after the fasting period showed cytes (NELI) (Figure 8 ) revealed almost the same values and remarkably increased cell density and nuclear/cytoplasm ratio tendencies as the incidence of apoptotic bodies ( Figure 7 ) at in comparison with the liver of control rats (Figure 5a and b) .
all time points, athough the values of NELI were generally Apoptotic bodies were seen as basophilic and eosinophilic slightly lower than those of the incidence of apoptotic bodies. small bodies with no evidence of necrosis (Figure 5b ). MoreIn the surrounding liver tissue, NELI at the end of the fasting over, end labeling staining also revealed DAB-positive apopperiod (day 28) had increased 7-to 9-fold over those of totic bodies in surrounding liver tissues of fasted periods control rats. The elevated NELI dropped to control levels after ( Figure 5c ) and in AHF (Figure 5d ). The liver cell density refeeding for only one day (day 29). Because of the small size (nuclei/mm 2 ) of fasted rats (Figure 5b) , measured sequentially, of AHF, it was impossible to measure NELI in AHF in the increased during the fasting period (day 28) and then returned first few weeks after initiation and just after the fasting periods. rapidly to the normal range within three days ( Figure 6 ). The NELI in AHF of control rats (Group A, 0.67 Ϯ 0.33%) and incidence of apoptotic bodies increased rapidly during the fasted rats (Group C, 0.59 Ϯ 0.29%) were significantly higher fasting period and then decreased quickly after refeeding than those of surrounding liver tissues (control rats, 0.063 Ϯ (Figure 7a ). Since AHF during the first 6 weeks of this 0.034%; fasted rats, 0.073 Ϯ 0.035%) at 42 and 140 days hepatocarcinogenic protocol were relatively small and difficult after initiation (P Ͻ 0.02). Interestingly, the NELI decreases to identify on H&E sections, the incidence of apoptotic bodies significantly in the surrounding liver in all groups studied, in AHF was measured only at 140 days after initiation fasted and control, from day 42 to day 140 (P Ͻ 0.05) (Figure 8a ). (Figure 7b) . At the time, the incidence of apoptotic bodies in g, Figure 2a ) prior to a rise of proliferative activities (Figure 4) . These results indicated that loss of volume of individual hepatocytes was one of the causes of the liver weight loss, as Winick and Noble have suggested (35) . About 4 g of liver weight per animal was estimated to be lost by this mechanism in our protocol. Thus, complete fasting results in a mobilization and consumption of protein and glycogen of hepatocytes.
BrdU LI of liver tissues derived from fasted rats decreased remarkably in comparison with those of control rats and then increased three days after refeeding (day 35) (Figure 4a ). Previous studies (7) have also demonstrated a dramatic loss in DNA synthesis in the liver of the rat even after only a few days of fasting. The resumption of DNA synthesis in hepatocytes occurred more slowly than has been previously reported for livers of mice subjected to only a 48 h period of fasting with subsequent refeeding (36) .
Cell proliferation after refeeding may also be regulated by hepatotrophic mitogens such as epidermal growth factor, hepatocyte growth factor and transforming growth factor alpha (37). Transcription of insulin-like growth factor-1 (IGF-1) is markedly inhibited by fasting, although the hepatic mRNA levels of IGF-1 binding protein increases in fasted animals (38) . In addition, the increase of cell proliferation on refeeding Just as the serum and growth hormone deprivation result in DNA gel electrophoresis revealed that DNA derived from apoptotic cell death in cultured cells (42,43), decrease of livers of rats at the end of the fasting periods (day 28) exhibited insulin (44) and other hepatotrophic hormones (38) by means a ladder pattern, indicating the nucleosomal DNA cleavage in of fasting seem to cause apoptosis in the liver (45) . On the apoptosis, which was at markedly increased levels in GST-P other hand, transforming growth factor β (TFG-β), a known negative hepatocytes. DNA of livers from rats killed at the growth inhibitor of hepatocyte replication (46, 47) , induces other time points did not ( Figure 9 ). apoptotic cell death in vitro (48) . Even in vivo, TGF-β probably regulates the further cell growth of hepatocytes when liver Discussion regeneration is near complete (39) and plays a major role in the apoptotic regression of hyperplastic liver (49) . Since both the alteration of the format of administration of a promoting agent (27) and fasting and refeeding (24,25) have A large number of apoptotic bodies were seen in H&E stained liver sections that revealed no pathological evidence been shown to influence the stage of promotion in separate experiments, the objective of this study was to combine removal of necrosis ( Figures 5 and 7) . After refeeding, apoptotic bodies rapidly decreased in number, and the incidence of apoptotic of the promoting agent with fasting and readministration of the promoting agent on refeeding. Two 5-day periods of fasting bodies returned to the former level ( Figure 7 ) within one to two days. The formation of new apoptotic bodies decreases or interspersed by a short 2-day refeeding was utilized to extend the fasting period while maintaining the viability of the animals. stops according to diet intake, since the process of apoptosis is completed in a short time (50) . Apoptotic bodies seem to Varying the dietary composition and presence or absence of the promoting agent during the interval 2-day feeding between be endocytosed, digested and used as materials for newly made cells during hepatic regrowth (51) . Both proliferative the 5-day fasts (Figure 1 ) was undertaken to determine whether such changes might affect the results at the end of the two activity and cell loss play important roles in the regulation of liver weight (30). Since our results showed apparent evidence fasting periods. As noted from the data in the figures, no significant differences were seen in groups B, C and D in of apoptosis and no evidence of necrosis, it would appear that apoptosis and a decrease of hepatocyte proliferation were also which the 2-day interval of feeding between the 5-day fasts involved feeding a 60% protein diet, a 6% protein diet and a causes of the liver weight loss induced by complete food restriction. chow laboratory diet containing 24% protein as well as 0.05% PB. This protocol also allowed an extension of the time
The short-term complete food restriction described herein revealed that virtually all GST-P-positive cell foci disappeared without the promoting agent that had previously been shown to be effective in causing a loss of both number and volume during the fasting periods (from day 16 to day 28) and only single or several cell foci remained, whereas control rats per cent of AHF in animals fed ad libitum (27) . In the present study, two periods of short-term fasting resulted in massive showed significant increase in number and volume of AHF during the same period ( Figure 3) . Thus, while fasting dramaticloss of body weight and liver weight in young rats. During these periods, H&E stained liver sections showed a remarkable ally decreased the total number of progeny of initiated cells within AHF, at least one or a few 'stem' cells of each AHF increase of liver cell density (Figure 5b ). After refeeding, the cell density returned to normal within 3 days (Figure 6 ), appeared to remain intact. The dramatic loss of AHF during the two fasting periods accompanied by a gain in liver weight (from 2.94 g to 7.32 expert histotechnological assistance and Mr Gerald L.Sattler for expert of nodules selectable by the resistant hepatocyte model in rat liver. photographic assistance. The authors are also indebted to Mrs Mary Jo Carcinogenesis, 16, 1865-1869. Markham and Mrs Kristen Adler for expert typing, and to Dr Ilse Riegel for 25. Tessitore,L., Tomasi,C., Greco,M., Sesca,E., Laconi,E., Maccioni,O., a critical evaluation of and editorial comments on the manuscript. These Ramo,R. and Pani,P. (1996) A subnecrogenic dose of diethylnitrosamine studies were supported by grants from the National Cancer Institute, CA07175
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